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THE INITPATIOH OF RQT-SALT STRESS CORROlSIObl 
CRACKING OF ~ ~ T A ~ I ~  ALWHS 
By S o  P o  Rideoat, Savannah River Laboratory, 
Eo Io doll Font de ~ ~ ~ ~ ~ ~ r s  and Go,, Aiken, S A o  
The i n i t i a l  s tages  of hot-salt stress corrorslon cracking 
of t i tanium a l l o y s  were atudlea using hot-sbage mioroscopy and 
cinematography, 
the duration 0% wkhickl depends ora exposure temperature, salt  
composition, and a l l o y  composition, For Ti-8A1-1Mo-lV exposed 
t o  N a C l  the incubation pepisd deareaaed $porn about 96 hour8 a t  
475"P, to 20 hours a t  500°F, t o  1-1/2 hsuka a t  650°P, t o  only 10 
minutes a t  8 5 0 " ~ ~  
mikatee a t  475°F whew exposed t o  SnC12J fndica t ing  that the 
apparent "threshold temperatureP8 for cracking f a  strongby i n -  
fluenced by chemical environment, 
r iod f o r  WaCl cracking of % o w  alloys conta%nfnag aluminum i n -  
An incubation period fo r  cracking wa8 observed, 
This aame a l l o y  cracked severely i n  only 20 
At 65VP the incubat9on pe- 
c&ased w i t h  decreasing a l~ r s l am content 
Cracks appeared abmpt ly  and propagated ~ a p f d l y  for a 
shor t  distance,  then apparently paused %or add$tion%rf corrosion- 
embrfttlement t o  occur, Moisture was demonstrated t o  be a 
v i t a l  ingredient  i n  ho t - sa l t  at tack and the presence of absorbed 
hydrogen i n  sa l t  -comoded areas  has been demonstrated using 
r ad io t r ace r  H3 ( t r i t i u m )  
that absorption of corrosion-produced hydrogen promotes em-  
b r i t t l ement  and crack i n i t i a t i o n ,  
These resultas support the hypsthesfs 
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p i l  advancement in the tec3hn$l@gy @f tibaniam a l l  
been macle during the p w t  f i v e  yearsp and there   ha^ been a slh 
indmase in the w e  of theme alleys fn the  prodnetion of" j e t  eng- 
ineer and airframes, A number of problem8 remafn, however, that 
may hinder f u r t h e r  increaaea i n  appl ica t ions  of t i tanium a l l s y a ,  
Among theae problems, the  phenomenon known aea "hot-salt stress cor- 
rosion cmeking' ,is of: iahtemat to the  aircraft industry,  This 
rm of stress esr~rosfon damage'san owmr when eeptain hal ide salts 
are present as sar laoe  s ~ t a ~ ~ n ~ ~ t ~  on t i tanium alPoys that are 
s t r e s sed  and exposed t o  e levated temperatures Rwttuaately, t h i s  
enomemwas first revealed by laboratory t e s t s  rather than by 
a rash - 0 %  serv ice  Fai lures ,  &me ~ames . - of cmcking . _. . Inasre ..-, / A  oc- 
red during f ab r i ca t ion  heat tma.t;ments (I) The t h r e a t  of h o t  
salt cracking 911 service is of great  concern because salt  contamf- 
nation of a f r c r a f t  is c e r t a i n  t e  o c c u ~  In csastaaab aPrIpsrts, 
3 
Qf the3 
phase 
oon- 
vertea t o  a him101 e t  during the aooling portion8 of oyclie 
exposures , (4 )  V W ' f O  ck-promoting phase8 have been mggested, 
including l iqu id ,  (1) gaeeous, (6) ana s o l i d 0 ( 7 )  
CPaCk-pmmQting phase has slrso been advan i n  oonnection with 
a hypothesis that  there  is a threshold temperature for hot-salt 
m e  concept of a 
cracking which ooaprepapendi~ t o  the minimum temperature f o r  form- 
$&on of the  c i r i t i ca l  phase, Xoweve~~ the lanin;8mum temperature f o r  
ho t - sa l t  eraokirag depsn4s c~n Beveml wwfsblea such as stmars l e v e l  
and alloy compoeitfon, (8) and a s p e e i t ~ e  thmsholii temperature has 
not be i d e n t i f i e d ,  Because of these and o the r  uncePtaintiea, the 
mechanism of kist-salt cracking hae remained i n  d 
A program sf research t o  develop ~ ~ ~ ~ m e n t ~ ~  knowl dge abmt 
the . .  mechanism . of hst-salt craekfng i ~ i s  i n  progres%@ a t  the Savannah 
River Labmatory under the s ~ ~ ~ ~ ~ r ~ ~ i ~  mal Aeronautfes ~. _. . - 
ana Space A ~ ~ ~ ~ t ~ ~ ~ ~ ~ ~ o  Bents the mmults of 8 part 
sf that pmg~am in. which the i n i t i a E  s tages  of eraeking were s tudied 
using hot-stage mfcrep copy an8 cinemabtsgraphy, e ~ p e c b f i @  ob- 
j ee t ives  of theee s tud ie s  were t o  sbsefie the  na re of hot-saalt 
a t t ack  on the metal su~faee~ Booking eapeeia1Py fop any r e l a t i e n -  
ship between visible a s r m e i ~ n  products an4 crack i n i t i a t i o n ,  and 
t o  determine the effecttss of alloy composition and exposure tempera- 
ture on the  i n i t f a t i o n  @rackso 8eveml important f ea tu re s  of the 
emeking process were resealed whieh help  to explain the d i f f e r e n t  
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e f f e c t s  of cyc l i c  versus s t a t i c  exposwes. Also, add i t iona l  
evidenae wads obtained s pakting 8 hypathesi8 advanced in er 
previous pager(5) that meistanre is a cz=iti@erl ingmdfsnt  i n  
hot salt  a t t a c k  and that absorption of corrosion-pmduced 
hydrogen pmmotse cracking, 
EXPERIMENTAL PROCEDURES 
A l l  specimens were s t r i p s  3/4." x 3 inch wi th  metallograph- 
i c a l l y  polished mrfaces,, The specimens were s t r e s sed  i n  four-  
point 
pe i  a t  mom t e m p e r a t ~ r e ,  whfeh caused them t o  y i e l d  s l i g h t l y  
when heated t o  test temperatures, For experiments t o  determine 
loading f ix tu re8  to a calculated f iber  stmss of 100,000 
the time t o  i n i t i a t e  cracking, deposi ts  of sodium chloride were 
applied i n  the a rea  of maximum stmsa by evaporating t h r e e ' d m p s  
of sa tura ted  aqueous s $Pation on the  specimens a t  room.tempeP? 
atunre .,
~ a l t s ,  as ind ica ted  in the d i s c a s a i m , )  This paPcacedure produced 
a fa i r ly  dense deposit  of aoarae c rys t a l8  covering a Bpst about 
1/2 inch i n  diameter, Multiple specimens were then heated i s o -  
(A  few t e s t s  were perfomed using o t h e r  chlor ide 
themal ly  i n  stagnant air using a small e l e e t r i e  oven, Spec?%- 
mens were removed a t  i n t e r v a l s ,  and a f t e r  removing the sa l t  de- 
pos i t s ,  the surfaces  were miemscopically examined f o r  evidenee 
of crackingo 
% 
I n  order t o tpe rmi t  direct  sbnservation of sal t  react ions on 
specimens examined by hot-stage mfcroso&py, drople t s  of a veqy 
dflate  salt ssolut%on. were evaporated on the pke-polished surfaaes  
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The resulting salt crystals were small enough to be viewed with 
a conventional metallurgical microscopeo 
accomplished by placing a tiny, hand-made coil of resistance 
wire against the underside of the specimen and adjusting the 
current with a powerstato Asbestos cloth was used to insulate 
the specimen loading fixture, which was positioned directly on 
the microscope stage, 
Specimen heating was 
The temperature in the area of the salt deposit was measured 
with a fine-wire thermocouple held in contact with the surface. 
Although the temperature control was not precise, this simple 
arrangement proved to be quite satisfactory, and the times 
observed for initiation of cracking at any given temperature 
agreed reasonably well with those determined by the isothermal 
oven tests. Photomicrographs at magnifications up to 720X were 
obtained with a 35 mm camerao Movies of the hot-salt stress cor- 
rosion process were made through, the mlcroscope at magnifica- 
tions up to 200X using a 16 mm camerai equlpped with a single 
frame attachment for speeds down to one frame p e r  secondo 
RESULTS AND DISCUSSION 
Hot-Stage Microscow of Ti-8Al-lMo~lV 
The relationship between corrosion and the initiation of 
cracking by NaCl was studied first on specimens of Ti-8Al-lMo-lV 
at 65’0OF. The direct hot-stage microscopic observations revealed 
that corrosion stains began to develop within minutes after the 
specimen surface reached 650°F, but cracking did not begin until 
about 1-1/4 to 1-1/2 hours later, 
I n i t i a l l y ,  the corrosion s t a i n s  appeared as microscopic 
speckles that  developed on the metal amund the sal t  c r y s t a l s ,  
The number of speckles increased with time, Figure la,b,c,  and 
gradual ly  formed a f a i r ly  continuous s t a i n  around the sa l t .  
However, the s t a i n s  did not appear t o  form by surface d i f fus ion  
of react ion products spreading out from salt-metal contact  areas, 
and the i n i t i a t i o n  of' cracking occurred before the s t a i n  became 
continuous, Figure l d ,  
Cracks appeared abruptly,  propagated rapidly f o r  a short  
dis tance,  and then apparently paused f o r  addi t iona l  corrosion- 
embrittlement t o  occur., 
occur by abrupt extensions.  
Further  propagation a l s o  appeared t o  
Although cracks always or iginated 
a t  points  of salt  contact,  there was no apparent  re la t ionship  
between the s i z e  of the sal t  c r y s t a l s  and the s i z e  of the crackp. 
Many cracks wem I n i t i a t e d  a t  extremely small sa l t  crystals ,  
various i n t e r v a l s  a f te r  the f i rs t  cracks appeared, addft ional  
A t  
cracks were i n i t i a t e d  a t  o ther  si tes.  
were close together  and the cracks connected t o  foPm larger 
cracks,  
I n  many cases, these s i tes  
An example of t h i s  i s  shown fn Figure 2, 
The speckled cormsfon s t a i n  has not been iden t i f i ed ,  but 
i t  has been shown t o  be a very thin,  non-adherent f l aky  sub- 
s tance which tends t o  spa11 o f f  as the specimen8 cool  t o  room 
temperature and which i s  completely removed by a water r inse .  
It was conoluded that the speckled s t a i n  is ppoduced by react ions 
with cons t i tuents  (probably chlor ide ions and moiatnm) adsorbed 
on the specimen surface.  I n  order  t o  prove that the speckles were 
not produced by react ions w i t h  const i tuents  i n  the air, specimens 
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t h a t  had not been wetted with s a l t  water were heated with and 
without predried s a l t  c r y s t a l s  on t h e i r  sur faceso  No corrosion 
s t a i n s  were produced i n  e i t h e r  case, which ind ica ted  t h a t  
adsorbe8 cons t i tuents  caused the  s t a i n s ,  and a l so  demonstrated 
t h a t  moisture is a Vi ta l  ingredient  i n  the  hot-sal t  corrosion 
process, Figure 3. 
( t r i t i u n )  i n  the  so lu t ions  from which s a l t  was deposited on 
specimeds showed t h a t  hydrogen is absorbed i n  salt-corroded 
areaso  The combined r e s u l t s  of the r ad io t r ace r  s tud ie s  and 
hot-stage microscopic observations support the hypothesis t h a t  
absorption of corrosion-produced hydrogen promotes crack i n i t i a t i o n .  
Previous work(5) with rad io t racer  H3 
Effects of Temera ture  on Cracking of Ti-8Al-1Mo-1V bv N a C l  
The e f f ec t  of exposure temperature on the  incubation 
period TOT crack i n i t i a t i o n  i n  Ti-8Al-lMo-lV i s  shown i n  
Figure 4, 
a t  475’F t o  20 hours a t  5Q0°F t o  about 1 hours a t  70Q0F0 
obvious in f l ec t ion  opcurred i n  t h e  incubation-temperature curve 
The incubation per iod decreased from about 96 hours 
An 
between,700° and 75oQFo 
period &creased f ro& about 45 minutes t o  only about 
6 minuteSo 
From 750° t o  95Q°F the incubation 
These regults ind ica t e  two s ign f f ioan t  po in ts  f o r  
discussion: (1) t he  long incubation periods a t  t he  lower 
temperatures provide an explanation for previous r epor t s  
t h a t  cycl&c . .  heat&ng t o  55OoF caused l e s s  stress corrosion 
damage than continuous heating a t  the same temperature, (394) 
1 
ond-(2) $ 4 ~  i n f l ec t ion  i n  the incubation ti&?-temperature cmve 
ind ica t e s  a change i n  the  s a l t  stress corrosion process between 
700’ and 75OoF. 
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During cyc l ic  exposures i n  which the time a t  temperatwe 
is l e s s  than the incubation period, the i n i t i a t i o n  of craoking 
e i t h e r  w i l l  not  occur tar w i l l  require some number of cycles be- 
fore  s u f f i c i e n t  cor ros loM-e~br i t t~ement  OGCUPB t o  produoe craok- 
ing. 
the time-at-temperature port ion of cyc l ic  exposures does i n -  
Pride and Woodward(3) have demonstrated that increasing 
orease the ex ten t  sf' damage i n  res idual ly  stkessed specimens., 
P i p e r  and F a g e ~ ( ~ )  used a +hour cycle between mom and 5QQOF 
temperatures with rewetting' i n  lsa3.t rsolutions af ter  each aycle, 
and they repopted no damage i n  dead-weight loaded tension speei-  
mens a f t e r  a t o t a l  time of 2000 hours, Their time-at-tempera- 
t u re  during each cycle was 2-1/2 hours, which is csnsiderably 
s h o r t e r  than the  incubation period ( 4 0  hours) a t  55Q'F shown 
i n  J . &  Figure . 4, Piper  and ouggersted that some detrimental  
\ 
corrosion product generated a t  55Q'F might be wathed off or" qon- 
vsrted t o  a harmless form during the  room-temperature port ion of 
t h e i r  cycle ,  This is  a d e f i n i t e  poasibil lf tybespeefally if the 
corrosion reae t ions  occur i n  the sequence previously suggestedt (5) 
TIC12 I- Ti0 + 2HC1, or 
TIC12 + 2H20 Ti02 + 2HC$ + 2w 
and/or 
A l C 1 3  + 3%0 + 6 ~ ~ 1  
T i  + 2HC1 + Tic19 + 2H 
L 
A 1  + 3 H C l  w A X 1 2  + 3H 
9 
(3) 
J 
(Repeat reac t ions  2, 2a, and 3, 3a.l 
Cooling t o  room temperature and rewetting with s a l t  so lu t ion  
before s ign i f i can t  progression of these reac t ions  would 
hydrolyze the  i n i t i a l  corrosion products (metal ch lor ides)  
and prcrduce oxide phases which would tend t o  black f u r t h e r  
reac t ions  on reheat ing,  This would a l so  r e t a r d  absorption of 
corrosion-produced hydrogen and possibly prevent buildup t o  a 
concentration t h a t  would promote fu r the r  cracking, 
The i n f l e c t i o n  i n  the incubation time-temperature curve 
between 700' and 75Q9F "suggests the  poss ib l e  formation of e i t h e r  
a l i q u i d  o r  gaseousaphasels) durPng hot -sa l t  corrosiono 
s tage  microscopy a t  
s t a i n s  developing very rap id ly  o v e r  t he  specimen su r face  f o r  a 
short  d l s tance  around s a l t  c rys t a l s ,  but no l i q u i d  was ac tua l ly  
observed., 
Bot- 
emperatures above 75OoF showed corrosion 
I 
The s t a i n s  darkened very r ap id ly  and appeared a s  a 
so l id  corrosion product , .  It has not been es tab l i shed  tha t  the 
mechanism of cracking requi res  a l i q u i d  phase9 o r  t h a t  the me- 
chanism changes a t  higher. temperature, There was nb eviaence 
of a l i q u i d  phase a$ temperatunes below 7OOQF, and %t tempera- 
t u re s  above 750°F crack i n i t i a t i o n  was detected befdre t h e  cor- 
rosion s t a i n s  were f u l l y  developed. 
l u s t r a t e d  i n  Figure 5, which shows seve ra l  frames of a movie 
taken a t  one frame per  second during heating of a specimen t o  
An exaaple o f  t h i s  is il- 
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800°F. 
5b) and became clearly visible after 15 minutes (Figure !5eL 
Dark stains then developed around the cracks after 17 minutes 
(Figure 5d). 
curve may be due to melting at the salt-metal interface on a 
scale that cannot be resolved by hot-stage microscopy. 
work is needed to clarify this point. 
Cracks were fainUy visible after 14-1/2 minutes (Fig. 
The inflection in the incubation time-temperature 
Further 
Effect of Sa lt ComDosition on Crack Initiation 
It was reported previously that different halide salts cause 
There- various degress of cracking in Ti-8Al-lMo-lV at 650°F, (5) 
fore, the incubation time-temperature curve in Figure 4 is valid 
o ~ l y  for sodium chloride deposited on metallographically polished 
specimens of this alloy, 
determine the effects of various salts on the cracking process, 
A detailed study 1s now in progress to 
and complete results will be reported later. A few preliminary 
data, presented below, demonstrate that the type of salt has a 
strong influence. 
Salt Time to Initiate Cracking, minso 
Type of Melting Point 
Salt OF 45OoF Expos ure 475OF Exp osure 
SnC12 
No cracking 5,760 
after 11,220 
minutes 
No cracking 45 
after 6,000 
minutes 
475 1800 17 
11 
The melting poin ts  of these  s a l t s  d i f fe r  widely, but as y e t  
there  is BO direct  r e l a t ionsh ip  between melting p o i n t  and a b i l i t y  
t o  promote cracking, Melting of t h e  i n i t i a l  s a l t  deposi t  should 
acce le ra t e  the stress corrosion process, a s  i n  t h e  case sf SnC12. 
However, salt melting does not  appear t o  be e s s e n t i a l  f o r  crack 
i n i t i a t i o n .  The p o s s i b i l i t y  t h a t  the di f fe ren t  s a l t s  have 
d i f f e r e n t  amounts of re ta ined  moisture, o r  t h a t  they a f f e c t  t he  
amount of corrosion-produced hydrogen absorbed by the  metal is 
being inves t iga ted ,  
The rate of c rsck  propagation i s  a l s o  a f fec ted  by the type 
of salt. 
hydrogen d i f fus ion  i n t o  the metal ahead of an advancing crack 
seems t o  be precluded as  a mechanism f o r  propagation, However, 
t h i s  does not preclude the  p o s s i b i l i t y  t h a t  propagation occurs 
by a sfress-sorpt ion mechanism, afid t h a t  corrosion produced 
I n  the case of SnC12, propagation i s  so rap id  t h a t  
hydrogen is the sorbed spec ieso  
g f e c t  t3f Allos C omDo s i  t i on on Cra ck I n i t i a t i o n  
The t i m e  t o  i n i t i a t e  cracking by NaCl a t  65OoF i n  four  
alwinutn-bearing alloys increased with decreasing aluminum 
content, as shown i r a  Figure 60 Ti-8Al-lMo-lV was t h e  most 
suscapkible and cracked in 1-1/4 t o  1-1/2 hours, whsreas 
Ti-4A1-3Mo-LV cracked a f t e r  28 hours 
were not  cracked a f t e r  48 hours exposure, 
of Ti-8Mn were a l s o  exposed a t  650°F wi th  SnC12 deposi ts ,  
previously shown t o  be much bore agressive than NaC1. Although 
no cracks were v i s i b l e  a f t e r  91 hours, specimens cracked during 
bending a t  room temperature a f t e r  the  s a l t  was washed o f f ,  
showing t h a t  corrosion embrittlement had occurred9 Figure 7. 
Specimens of Ti-8Mn 
Stressed specimens 
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The s u s c e p t i b i l i t y  t o  cracking was not d i r e c t l y  r e l a t ed  
t o  the ex ten t  of s a l t  corrosiono Severe a t t ack  occurred on the  
Ti-8Mn and t h e  T I - ~ A L - ~ M o - ~ V ,  which were the most r e s i s t an t .  
This i nd ica t e s  t h a t  cracking probably is not caused by contact 
with a s p e c i f i c  l i q u i d  o r  s o l i d  phase generated during corrosion. 
However, the degree of suscep t ib i l i t y  t o  cracking i n  different 
a l loys  can be r a t iona l i zed  on the  bas i s  of various degrees of 
tolerance f o r  hydrogen. 
It bas reported p r e ~ i o u s l y ' ~ )  t h a t  aluminum is pre fe ren t i a l ly  
a t tacked during hot -sa l t  corrosion of Ti-8Al-lMo-lV. 
poss ib le  r o l e  of p r e f e r e n t i a l  a t t ack  of a l loy  and impurity 
elements i n  the  stress corrosion mechanism i s  an area t h a t  
requi res  f u r t h e r  work. 
C ONC LUS I O N 8  
The 
Hot-salt  cracking of t i tanium a l loys  occurs a f t e r  an in -  
cubation period which i s  influenced by exposure temperature, 
s a l t  cornposition, and a l loy  composition. The i n i t i a t i o n  of 
cracks i s  not re la ted  t o  the extent of s a l t  corrosion which 
occurs, and therefore  the cracking probably is not caused by 
contact with a spec i f i c  l i q u i d  or  s o l i d  phase i n  the corrosion 
products, Moisture seems t o  be the most c r i t i c a l  ingredient  
i n  the  corrosion processo This, cougJed wi th  the observation 
t h a t  cracks appear abrupt ly  indicates t h a t  crack i n i t i a t i o n  
occurs as a r e s u l t  of hydrogen eabri t t lement .  
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a ,  S a l t  deposi t  a t  room 
temperature (320X) 
b. Same as (a) af te r  reaching 
650'F (320X) 
C ,  Same as (b) a f t e r  80 mm 
( 32ox 1 
d,  Same as ( c )  enlarged t o  800X 
Figure 1. Hot-Stage Microscopy of N a C l  Cracking of Ti-8Al-lMo-lV 
a t  650°F 
a. 85 Minutes a f te r  reaching b. 185 Minutes a f te r  reaching 
650°F 650°F 
Figure 2. Hot-Stage Microscopy of N a C l  Cracking of Ti-8A1- 
1Mo-1V a t  650'F (720X) 
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a. Room temperature b. Same as (a) af ter  
90 minutes a t  650°F 
C.  Same as (b) af ter  
cooling t o  room 
temperature and 
removaloof s a l t  
c r y s t a l  
Figure 3 . Hot-Stage Microscopy of TI-8Al-lMo-lV Exposed t o  
Pre-dried NaCl a t  650°F (300X) 
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FIG. 4 TIME TO INITIATE CRACKING BY NaCl IN Ti-8Al-1 Mo-1V vs TEMPERATURE 
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- a ,  Saf t  deposit a t  room 
temperature 
b .  Same as ( a )  af ter  15 min- 
utes  
b. Same as (a)  a f t e r  14.5 min- 
utes  a t  temperature 
d. Same as ( a )  a f t e r  17 
minutes 
Figure 5. Hot-Stage Microscopy of N a C l  Cracking of Ti- 
8Al-Wo-1V a t  800°F ( 6 5 0 ~ )  
lo3 
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rninu tes 
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FIG. 6 EFFECT OF ALLOY COMPOSITION ON TIME TO INITIATE 
CRACKING BY NaCl AT 6 5 O O F  
20 
S a l t  Exposed Unexposed 
FIGURE 7. Corrosion-Embrittlem&nt of 
Ti-8Mn Alloy ( 5  X I  
Cracks were not v i s i b l e  a f t e r  exposure of s t r e s sed  
specimen wi th  SnC12 deposi t  a t  650°F f o r  91 hours. 
Cracks were produced by bending the  specimen a t  room 
temperature a f t e r  t h e  s a l t  was washed o f f .  
